Die Dokumente auf EconStor dürfen zu eigenen wissenschaftlichen Zwecken und zum Privatgebrauch gespeichert und kopiert werden.
I. Introduction and Research Challenge
Economic impact models that are spatially disaggregated are part of the legacy of regional science. Aggregation to the national level obscures important details and is potentially misleading whenever positive impacts in one place cancel negative impacts in another (the "wash" effect). Aggregated results are of limited interest to policymakers because of most politicians' keen and logical interest in impacts on their local constituencies.
Inter-regional and multi-regional input-output models were first developed largely at a theoretical level over a half-century ago to address these problems (e.g. Leontief (1936 Leontief ( , 1941 , Isard (1951) , Miernyk (1965) and later Polenske (1980) , Miller and Blair (1985) ). In recent years, there have been important advances in the regionalization of national input-output data.
Yet while the available multi-regional models measure trade between regions (Hewings et al., 2002) , the infrastructure over which trade occurs on the national transportation networks remains neglected. In this paper, we present applications of TransNIEMO to address this omission. 1 We add the nation's highway network to the National Interstate Economic Model (NIEMO), a multiregional input-output model that includes the 50 states and the District of Columbia as well as 47
industrial sectors, a model we had previously developed. 2 TransNIEMO adds the nation's highway network which accommodates most of the intra-and inter-industry trade that NIEMO
estimates. The new model seeks highway network and economic equilibria that are consistent with each other.
The U.S. economy is vulnerable to disruptions, including terrorist attacks and natural disasters. Modeling how disruptions at major choke points on the nation's highways might impact the U.S. economy on a state-by-state and industry-by-industry basis is of particular interest. We believe that TransNIEMO is the only operational model that can be used for this type of analysis. While this paper reports the results of hypothetical impacts on three major
1 Several integrated models of freight transportation and economic effects have been developed for European countries. European examples include Tavasszy et al (1998) 's the Strategic Model for Integrated Logistics and Evaluations (SMILE) for the Netherlands, Cascetta et al.(2008) freight demand simulation model applied a multi regional input-out model for Italy, and Geerts and Jourguin (2001) developed a long-term planning model of freight transportation and multimodal networks for Belgium.choke points, disruptions from natural or man-made events on any other vulnerable highway link can easily be modeled by applying TransNIEMO. In what follows, we cite the relevant literature (Section II), describe how a computable highway network and its constituent parts were assembled (Section III), explain the scenarios that were tested (Section IV), describe network flow results and economic consequences of various simulated disruptions (Section V), and wrap up with conclusions and reflections (Section VI).
II. Integrating Highway Networks with Input-Output Models
There are two standard models of the classic economic input-output (I-O) approach. The first, the Leontief demand-driven IO model, follows Leontief's early contributions (1936 Leontief's early contributions ( , 1941 with respect to how to generalize interdependencies between industries in an economy. The second, the Ghoshian supply-driven I-O model, was introduced by Ghosh in 1958 and suggested an alternative way to understand the interrelations between industries. Inter-industry linkages in the demand-driven I-O model account for technical relationships in the economy via production functions. In contrast, the supply-driven model is less transparent, suggesting fixed sales patterns, perhaps because of monopolistic markets or a centralized, planned market in which all resources are scarce except for one, and considers the best use of this non-scarce input in combination with scarce resources. This best use may be derived from a standard social welfare function (Ghosh, 1964) . These are strong assumptions, but like fixed production coefficients in the Leontief model, may be plausible in the short run (Park, 2008; 2013) .
Spatial extensions of the classic I-O model include interregional or multiregional I-O
(IRIO or MRIO) models (Isard, 1951; Chenery, 1953; Moses, 1955) ; as well as empirical versions developed in the late 1970s (Polenske, 1980 ) and early 1980s (Jack Faucett Associates, 1983 . Recently, Park et al. (2007) constructed a new demand-driven MRIO model, the National Interstate Economic Model (NIEMO), used in this paper. As demonstrated by Dietzenbacher (1997) , the supply-driven I-O model can provide a more convenient formulation for estimating absolute cost increases than the Leontief price I-O model. We applied the supply-driven NIEMO in the cost estimations in this study. Our approach had been previously elaborated and empirically tested by Park (2008) and Park et al. (2008) .
Turning to models of highway networks, Hillestad et al. (2009) noted that an important element of an adaptable and resilient freight transportation system includes identification and analysis of key vulnerabilities in the freight system, and simulations of possible responses to the disruption. Also, Okuyama et al. (1999) and Kim et al. (2002) applied a Midwest regional economic model and missed capturing the full set of spillover effects. Unless a model accounts for secondary effects or substitutions in the economy at the national level, policy makers will not have the full picture.
This research was elaborated to extend the geographically limited version of TransNIEMO by to address the regional freight transportation models discussed in Gordon and Pan (2001) , Pan (2006) , and Giuliano et al. (2007) , to analyze interregional and interstate freight flows, and to simulate the response of highway freight flows to disruptions in the national level. It uses data from the U.S. DOT's Freight Analysis Framework (FAF2) to establish a baseline of freight flows on the national highway network. It also creates highway bridge and tunnel disruption scenarios in specified regions to estimate statelevel costs of highway infrastructure failure, measured in terms of increased time and distance.
III. Methods

III.1 Identifying Network Links and Centroids
The first steps in the development of TransNIEMO involved the representation of a computable version of the nation's highway network. This task involved three challenges: to identify major economic and network centroids; to describe and connect the important highway links; and to include the tunnels and bridges that might be choke points if disrupted. Centroid identification was the most complex of these tasks, and is fully described in Park et al. (2009) .
At the metropolitan scale, defining centroids to represent sources of aggregate demand in a relatively small traffic analysis zone and connecting this demand to physical facilities at the boundary of the zone is a relatively straightforward exercise. At the national level, the same step is more challenging. Analysis zones need to define a much larger region. An economic centroid characterizing this region aggregates a much larger volume of demand than in a metropolitan level model.
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Two definitions of centroid were used. The major metropolitan areas were designated as the economic centroids, while a representative sample of nearby highway nodal points were designated as network centroids. The economic centroids are defined to represent an economic center of gravity for the region, and as a result are most often near metropolitan areas that include considerable infrastructure. The transportation demand at each of the economic centroids is connected via virtual (dimensionless, costless) links to many network centroids in the vicinity of the economic centroid because it is unrealistic to load trucks onto the regional highway network connecting major metropolitan areas via a single network node at each location. We use econometric and spatial analysis to identify multiple network nodes at many highway interchanges via which to connect each regional economic centroid to the highway network. The total number of network centroids in our system is 1,877. The total number of arcs in the original 
III.2 Estimating the Impacts of Highway Infrastructure Failures
The analytical framework for estimating the impacts of highway infrastructure failures on freight flows includes three steps: establishing the network baseline by loading freight flows onto the national highway system, designing scenarios for highway bridge failures and tunnel closures, and examining the changes of freight flows before and after the highway bridge or tunnel failures.
In the applications of our model, more than 275,000 highway network links were examined. The network link attributes also include capacity and speed. Link capacities were obtained from the FAF 2002 data set, which estimates capacities using the methodology in the Highway Capacity Manual (HCM) 2000. Free flow link speeds were estimated based on link
classification. An equilibrium model is applied to estimate freight flows in the baseline and for the bridge collapse scenario. Freight tonnage was converted to passenger-car equivalent (PCE) values based on the ton-per-PCE ratios estimated by Giuliano et al. (2007) .
III. 3 Economic Impacts of Disruptions: NIEMO and TransNIEMO
TransNIEMO involves three sub-models, a national highway network model, a transportation cost impact model, and NIEMO (our demand-driven multi-regional input-output model). The various modeling steps are summarized in Figure 1 . In that Figure, the various data sources (Data Inventory in upper-left large box) were described. The box on the left (Network Definition) was described in Section III.1; Network Disruption Scenarios (center box) were described in Section IV. Below that, Network Modeling was described in Section III.2. The upper right box (Transportation Cost Impact Model) and the box at the bottom of the Figure   ( Demand-Driven NIEMO) are described below this Section.
The tests described here are for a one-year disruption of selected highway links. NIEMO is linear, making it a simple matter to scale down the results to shorter periods. Three major research steps associated with the three sub-models are discussed in this section.
III.3.1 Highway Network Model
Freight analysis framework (FAF2) 2002 data were used to assemble and construct highway network links. The network was used to define bridge and tunnel collapse scenarios, and was also employed in the freight network model to estimate the changes in freight flows under various shut-down scenarios.
The highway network model is applied by combining the highway networks with the bridge or tunnel disruption scenarios. A user equilibrium (UE) model is applied twice for each test: first to develop a baseline and second by applying the scenario. The user equilibrium approach is appropriate when there is significant congestion on the network. As we are dealing with freight flows on highway networks among metropolitan regions, applying the UE algorithm 7 is reasonable. A static user equilibrium framework is an approximation in this context, but it is computable and ensures that shortest paths are not overloaded because it respects the economic incentives faced by shippers. The results from applying the UE algorithm include the times and the distances from origin regions to destination regions. We assume that trip durations are related to truckers' labor costs and distance is associated with the other variable costs besides labor. The results from the network model simulations are used as inputs into the transportation cost impact model. Sectors (The "USC Sectors" that we developed are described in Table A4 of larger report at website noted below). are the total value of purchased services by the trucking sector and are total output of industry sectors.
III.3.2 Transportation Cost
Increased travel time and distance proportions are estimated by applying the user equilibrium network model. Time changes and distance changes are separately modeled in equations (2) and (3). (2) where are increased costs caused by the increased time of travel. Total increased shipping costs are estimated by adding the two increased costs, time and distance. See Equation (4). (4) where are increased shipping costs from origin state i to destination state j for industry sector k resulting from an event. In the short run, shipping costs are assumed to be non-decreasing. In the event of an emergency, sellers can pass on higher costs in the short term. They may also cut prices because of competitive pressures, but only in the longer run.
As noted above, these increased shipping costs, , are passed forward and lead to increased prices at destinations, resulting in lower consumer expenditures. This approach hinges on the idea that in the short run supply chains are more fixed than the household sector's expenditure budget. Households can be expected to hold much smaller inventories than 
G j = (I -B j )
-1 is a 47 x 47 supply-driven input-output inverse matrix where B j is the direct output-based technical coefficients matrix of destination state j. The reduced consumer expenditures associated with increased shipping costs drive reductions in household final demand. We assume that there are no substitution effects in the short term, and final demand is directly affected by the reduced consumer expenditures.
Equation (6) applies the demand-driven NIEMO to estimate the state-by-state economic impacts resulting from these reductions in household final demand.
( ) We applied the equation found in Berwick and Farooq (2003) to calculate truckers' labor cost per mile as 
V. Model results
V.1 Network Effects
Each economic centroid is connected to multiple network centroids in the vicinity of the economic centroid, and each network centroid serves as an origin for an equal share of the freight transportation requirements associated with the economic centroid. Each serves as a destination for an equal share of the demand imposed on the network at network centroids in the vicinity of other economic centroids. Once network equilibrium flows are achieved, travel times and changes in travel times between economic centroids are computed as averages across the pairs of network centroids corresponding to each pair of economic centroids. When network capacity is removed from the system, travel times on a few links decrease. These are links that are no longer accessible as a result of removing a link or links. However, alternative routes see an increase in flows and a decrease in level of service as freight flows divert away from routes that are no longer feasible. Table 4 reports the top-20 OD pairs with the highest percentage of time difference between the tunnel baseline and closure scenarios. Based on the model calculations, the total increase in freight shipping time in the tunnel closure scenario was 576 million PCE*hours for the flows between the economic centroid OD pairs. Total route travel time increases between centroid pairs was 293,252 hours. It is clear that the bridge collapse scenario is more costly than the tunnel closure scenario in terms of total shipping costs in PCE*hours. Further, the two-bridge-collapse scenario has significantly greater freight transportation impacts on the national highway network than did the alternative scenarios. This is undoubtedly the result of the limited number of alternative routes across the lower Mississippi, and the considerable diversion of flows produced from the loss of these links. The aggregate impact on route travel times is reduced as a result of the reduced freight transportation demands the loss of these bridges delivers to many links in the network.
VI. 
VI.1 Economic Consequences
We find that, as a proportion of the nation's total output, the losses experienced in all three scenarios are relatively small. We ascribe this result to the high levels of resilience (mainly redundancies) of the highway network. However, our results show that there are significant differences in state-by-state as well as industry-by-industry impacts Tables 5A, 6A , and 7A show the estimated economic losses aggregated for States; Tables   5B, 6B , and 7B show the economic losses aggregated for sectors. Only the most impacted states and sectors are shown here; more detailed results are shown in a more detailed report which also includes more maps of highway approaches near the impacted areas are available at http://create.usc.edu/TRANSNIEMO_Dec%2031_2010_Project%20Report.pdf
As shown in Table 5A Table 5B . Impacts for the case of the four-bridge disruption scenario are shown in Tables 6A and 6B . Missouri (MO), Colorado (CO), and New York (NY) are the top three impacted states. The same four USC Sectors experience the most severe impacts. Tables   7A and 7B show the results for the tunnel disruption simulation. Colorado (CO), Ohio (OH), and California (CA) and the same four USC sectors are again the most impacted.
Interestingly, several states distant from the target bridges are seriously impacted.
Possible reasons for these results could be explained by the network algorithm that we applied. The unexpected result is that the total output losses are relatively small in both absolute and relative terms, despite the obvious importance of the facilities identified in these scenarios.
There is apparently sufficient redundancy in the U.S. highway network that re-routings can be found that impose relatively small costs on truckers and on the economy as a whole. (Frank and Wolfe, 1956) was incorporated into the model to compute user equilibrium flows on the national highway network.
Infrastructure planning in light of the terrorist threat as well as the possibility of natural disasters and degradation from wear and tear begins with an assessment of the economic value of alternative investments. One way to assess economic value is to estimate the economic losses that would result were any element of the infrastructure degraded. A modeling approach to this problem involves very extensive disaggregation. All states and many economic sectors are engaged in continuous trade at very substantial levels. Most of this trade takes place via trucks on the national highway system (including Interstate highways and major roads). Representing all of this complexity in an operational model was our primary task. In this paper we have described the steps involved in assembling the data and testing the model. We have also described three major tests of TransNIEMO to illustrate its capabilities.
One scenario hypothesized the collapse of four highway bridges in Louisiana and at the border of Iowa and Illinois. The second scenario assumed the collapse of two bridges with the highest traffic volume over the Lower Mississippi River in the Memphis area. The third scenario hypothesized the closure of the Eisenhower Memory Tunnel at Denver, Colorado. The network and economic effects of bridge collapse and tunnel closure on were examined. The simulation results showed that bridge collapse scenario is worse than the tunnel closure scenario in terms of total shipping costs in PCE*hours of travel measured at either the regional or state level. The collapse of two bridges in the Memphis area triggers the greatest increase in freight shipping costs. The results from the equilibrium model clearly show the widespread ripple effects of the bridge collapse and tunnel closure on the national highway network while the popular all-ornothing assignment model would limit the effects to the directly impacted highways.
From a policy perspective, one unexpected result is the small adjustments needed even when high-traffic-volume bridges and tunnels are destroyed. Re-routing involves very modest increases in freight costs. In the very short run, for trucks already en route, the additional time and distance costs could be substantial. However, once the disruptions are known, the extensive redundancy in the national highway and major roads system permits long-distance trucking companies to choose alternative routes that add little, if anything, to freight costs. Therefore route redundancy is important and maintaining state is clearly beneficial.
There are some limitations in our approach, especially in the capacity constraints on freight movement. The representation of congestion cost follows a metropolitan-level perspective that relies on an assumption of steady-state flows. This is only a first order approximation for flows in a national network. Still, there is empirical evidence of freight sensitivity to congestion costs (Winston and Langer 2006) , and the user equilibrium model provides much more realistic results relative to an all-or-nothing assignment approach, especially for freight re-routing on the highways closer to the collapsed bridges. Unfortunately, passenger flows have not yet been incorporated into the equilibrium model with capacity constraints because the passenger flow data are unavailable for the FAF2002-based highway network.
Consequently, the results do not reflect any interactions between passenger flows and freight flows on the national highway network.
This study only considered the re-routing of freight flows on a single mode, i.e. highway network. It did not incorporate other modes, especially the rail network. In ongoing research, the rail network will be combined with the highway network to build up an integrated freight transportation network and a multi-modal freight model is being developed to estimate the change of freight flows in the bridge collapse and tunnel closure scenarios. However, we suspect that short-run mode substitution options are very limited.
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